Antimicrobial peptides (AMPs) are effector molecules of the innate immune system of the skin. They present an activity against a broad spectrum of Gram-positive and Gram-negative bacteria as well as some fungi, parasites and enveloped viruses. Several inflammatory skin diseases including psoriasis, atopic dermatitis, acne vulgaris and rosacea are characterized by a dysregulated expression of AMPs. Antimicrobial peptides are excessively produced in lesional psoriatic scales or rosacea in contrast to the atopic skin that shows lower AMP levels when compared with psoriasis. The importance of the AMPs contribution to host immunity is indisputable as alterations in the antimicrobial peptide expression have been associated with various pathologic processes. This review discusses the biology and clinical relevance of antimicrobial peptides expressed in the skin and their role in the pathogenesis of inflammatory skin diseases.
Introduction
Human body is constantly exposed to various microbial and environmental agents. Skin and its protective mechanisms act as the first line of defense against invading pathogens. The epidermis of the skin forms not only a physical barrier impermeable to most infectious organisms, but also provides an immediate response which enables human organisms to resist infection. The prompt response is mediated, inter alia, by low molecular weight proteins named antimicrobial peptides (AMPs) due to their properties. They are a crucial part of the natural innate immune system. The defense mechanisms of innate immunity detect and destroy microorganisms within minutes or hours in a non-specific manner, discriminating however very effectively between host cells and pathogens.
Antimicrobial peptides probably represent one of the first evolved mechanisms, providing initial defense and also contributing to the induction of adaptive immune responses. Antimicrobial peptides are known for their cutaneous antimicrobial and immunomodulatory properties and demonstrate the ability to inhibit not only bacterial, protozoal and fungal, but also viral infections (Table 1 ) [1] [2] [3] [4] . The family of AMPs consists of, among others, α-and β-defensins, cathelicidins, S100 proteins and ribonucleases. These small, mostly cationic endogenous proteins are found in keratinocytes, eccrine gland cells, mast cells, phagocytes and sebocytes [5, 6] . Antimicrobial peptides are amphipathic, which enables them to interact with and disrupt lipid membranes, leading to cell lysis and death. Due to their cationic properties, they interact preferentially with negatively charged bacterial membranes rather than with neutrally charged mammalian cell membranes.
Some of AMPs are constitutively expressed in the skin, whereas some are induced upon contact with pathogens. The production of these peptides can be influenced not only by microorganisms themselves, but also by pro-inflammatory cytokines or tumor necrosis factor (TNF)-α [7] . Over the past two decades numerous studies have shown indisputably the role of several AMPs in chronic inflammatory skin diseases such as psoriasis vulgaris and atopic dermatitis (AD) [8] . Despite the impaired skin barrier which facilitates potentially pathogenic microbes to colonize the epidermis, patients with psoriasis surprisingly present a low frequency of skin infections, whereas patients with AD are predominantly susceptible to particular cutaneous bacterial, fungal and viral infections. One possible explanation of the fact is the difference in the expression of AMPs.
This review will concentrate mostly on the biological and clinical relevance of well-studied classes of AMPs found in the human skin, though several less extensively studied antimicrobial proteins and peptides are known. The importance of the epithelial contribution to host immunity is evident as alterations in the antimicrobial peptide expression have been associated with various pathologic processes.
Defensins
Defensins are one of widely characterized groups of antimicrobial peptides in vertebrates. They are small cystine rich molecules with β-hairpin structure stabilized by conserved three-disulfide bonds [9, 10] . Three subfamilies have been described: α-, β-, and circular θ-defensins [11] . The human α-defensins -1 to -4, also called human neutrophil peptides (HNP1, HNP2, HNP3 and HNP4), were originally identified in neutrophils [12] . On the contrary, human α-defensins, HD-5 and HD-6, are enteric peptides predominantly expressed in Paneth cells.
First human β-defensins were discovered in the last decade of the 20 th century [13] . By now gene-based research has predicted 28 human β-defensins [14] , however, only the first four peptides are extensively reported. Human β-defensin 1 (hBD-1) is constitutively expressed by epithelial cells mostly of the respiratory and urinary tissues [5] , whereas hBD-2 and hBD-3 in keratinocytes present low levels at the steady stage and are typically inducible [9, [15] [16] [17] . In the normal skin, hBD-2 and hBD-3 expression is limited to the uppermost layers of the epidermis and/or stratum corneum. Human BD-2 and -3 are upregulated in various epithelia including epithelium of respiratory, gastrointestinal, and genitor-urinary tracts upon stimulation by microorganisms and microbial components, such as lipopolysaccharides (LPS), and by pro-inflammatory cytokines. Human BD-2 and -3 are inducible by UVB irradiation as well [18] . Interestingly, the hBD-2 and -3 proteins have been isolated from psoriatic scales [13, 16] .
Human defensins have a broad spectrum of antimicrobial activity. They are highly effective in killing Gram-negative bacteria like Escherichia coli and Pseudomonas aeruginosa and act against Candida albicans. Unlike hBD-1 and hBD-2, hBD-3 is bactericidal toward multiresistant Gram-positive Staphylococcus aureus and at low concentrations kills many other potential pathogenic microorganisms including Streptococcus pyogenes and vancomycin-resistant Enterococcus faecium [16] . Defensins have been considered pro-inflammatory as they stimulate keratinocytes to produce pro-inflammatory cytokines and chemokines such as interleukin (IL)-6, IL-10, monocyte chemoattractant protein-1 and macrophage inflammatory protein-3α and mediate keratinocytes migration and proliferation [19] . Furthermore, their expression increases in response to TLR ligands, TNF-α, IL-1β, interferon (IFN)-γ [13, 20] . Additionally, hBD-2 recruits immature dendritic cells and attracts memory T cells through the CCR6 chemokine receptor linking innate and adaptive immune responses [21] . Ferris et al. also suggested an important role for hBD3 in inducing dendritic cell activation, migration, and polarization [22] . Recent studies point out to the immunosuppressive role of hBD-3 attenuating inflammatory cytokine responses. Importantly, defensins are able to neutralize transformed or cancerous cells, and this cytotoxicity tends to be neither species-specific nor selective [23] . Moreover, studies reported that defensins stimulate migration and proliferation of epidermal keratinocytes and thus might promote cutaneous wound healing [19] .
Cathelicidins
Cathelicidins were first identified in 1995 [24] . Active cathelicidin peptides are cleaved from the inactive precursor by enzymatic processing [25] . To date only one cathelicidin has been found in a man. Encoded by the gene CAMP, human cathelicidin LL-37 is a multipotent peptide disrupting both bacterial membranes and viral envelopes, having anti-fungal activity against yeasts. The precursor of LL-37 is expressed by several cell types in the skin such as keratinocytes, neutrophils, eccrine ducts, and mast cells [26] . LL-37, a 37 amino acid long peptide, gains its activity like other cathelicidins after cleavage from a pro-peptide. In the healthy skin, its expression is barely detectable in keratinocytes. However, upregulation of LL-37 occurs after injury, infection or inflammation [27] . Its role in cutaneous wound healing was proven as well. Additionally, LL-37 presents a pro-apoptotic activity in airway epithelial cells, promotes differentiation of monocyte-derived DCs and it can stimulate angiogenesis through an increase in endothelial cell proliferation and vessel formation [28] . Apart from antimicrobial properties, human cathelicidin presents a receptor-mediated chemotactic activity and induction of neovascularization known as "alarmin" functions of LL-37. Activation of immune cells occurs via the formyl-peptide-like receptor-1 (FPRL-1), G-protein-coupled receptors, the nucleotide receptor P2X7 and TLR signaling [28] [29] [30] .
S100A family
Psoriasin (S100A7), a Ca 2+ binding S100 protein, was discovered in psoriatic lesions [31] . It is expressed at low levels in normal epithelial cells, but can be induced in keratinocytes under certain conditions [32] . The focal expression of psoriasin is found in the skin, especially in localizations associated with high density of bacteria. In addition, the peptide accumulates in the epidermis of sebaceous skin as well as sebaceous glands and is secreted to the external skin surface [33] . Psoriasin is associated with altered keratinocyte differentiation and has been found to be related to tumorigenesis [32] . It exhibits an antibacterial activity preferentially against E. coli. Apart from the antimicrobial activity, psoriasin is a potent and selective chemotactic inflammatory protein for CD4+ T lymphocytes and neutrophils [34] .
Another member of the S100A family with an antimicrobial activity is calprotectin, a heterocomplex of the two calcium-binding proteins S100A8 and S100A9. Calprotectin exerts antibacterial properties inter alia against E. coli, Klebsiella spp., S. aureus and Staphylococcus epidermidis, as well as fungistatic activity toward the fungus C. albicans [35] . The hypothesis has been raised that the complex may play a role in inflammatory skin diseases. In the epidermis, S100A8 and S100A9 are up-regulated in hyperproliferative keratinocytes like those in wound healing [36] and in psoriatic lesions [37] .
RNase 7
RNase 7 belongs to the RNase A superfamily characterized by a lysine in the active center catalyzing the ribonuclease activity [38] . RNase 7 was extracted from skin-derived stratum corneum while searching for the presence of AMPs by Harder et al. and concurrently identified by the Zhang group [39, 40] . Peptide presents in vitro an antimicrobial activity against Gram-negative and Gram-positive bacteria, including E. coli, Pseudomonas aeruginosa, S. aureus as well as MRSA, E. faecium and its vancomycin-resistant strain, Propionibacterium acnes and against yeast C. albicans independent of RNase activity [33, 39, 41] . Simanski et al. postulated that RNase 7 is secreted on the skin surface and functions primarily outside the cell enabling the control of the growth of microorganisms on the skin surface [38] .
Dermcidin
Dermcidin is one of the antimicrobial peptides that present an anionic structure. Dermcidin is proteolytically cleaved, generating dermcidin 1 (DCD-1). It is predominantly and constitutively expressed in eccrine sweat glands and released with sweat to the epidermal surface [6] . Thus, dermcidin exhibits an antimicrobial activity against a variety of pathogenic microorganisms like E. coli, Enterococcus faecalis, S. aureus and C. albicans under in vitro conditions [42] .
Clinical relevance of AMPs in inflammatory skin disorders
The observation that antimicrobial peptides are expressed in the uppermost parts of the epidermis may suggest a protective function of these effector molecules of the innate immune system. They create a constitutive antimicrobial skin barrier composed of peptides like the S100 protein psoriasin and RNase 7, abundant on the skin surface. Alongside with psoriasin and RNase 7, skin surface is rich in dermcidin and lactoferrin released from sweat glands [43] . Another defense strategy is an additional barrier consisting of induced AMPs. Activated keratinocytes initiate the increase in antimicrobial peptides, including hBD-2, hBD-3 and cathelicidin LL-37. Furthermore, already expressed AMPs, especially psoriasin and RNase 7, are additionally induced by microorganisms [43] .
It is tempting to say that there is an inverse correlation between severity of the inflammatory skin disease and the level of AMPs production. To support this hypothesis many studies concentrated on patients with AD. It has been hypothesized that increased susceptibility of AD patients to superinfections with S. aureus may arise from the impaired expression of AMPs. Researches revealed a lower expression of hBD-2, hBD-3 and LL-37 in the skin of patients with AD when compared to psoriasis vulgaris [44, 45] . A possible explanation could be the lack of major inducers in the AD skin, such as IL-1, IL-17 and IL-22, alongside with inhibition of AMPs induction by an elevated level of Th2 cytokines (IL-4, IL-10 and IL-13) [46] . However, the observation of AMPs in AD was based on the comparison to the lesional psoriatic skin, and not to healthy one. In 2010, Harder et al. repeated the results of Ong et al. and Nomura et al., but at the same time researchers showed that immunoreactivity of psoriasin, hBD-2 and -3 in lesional and non-lesional AD skin is enhanced in comparison to healthy controls [8, 44, 45] . Clearly, AD is not associated with a general induction defect of AMPs [38] . Moreover, no significant correlation between RNase 7, psoriasin, and hBD-2 and -3 secretion and cutaneous colonization by S. aureus nor with the severity of the disease was noticed [8] . These findings suggest another cause or a role of other AMPs in increased susceptibility of AD skin to S. aureus infections.
Interestingly, the expression of sweat gland-derived dermcidin was found to be decreased in AD patients [42] . Additionally, the inflammation in AD lesions is probably neutralizing the expected induction of human cathelicidin protein and even induces suppression [47] . In contrast, Ballardini et al. found a higher expression of cathelicidin LL-37 in lesional atopic skin compared with non-lesional atopic skin [48] . This might be in line with an observation that UVB phototherapy leads to healing of eczema lesions by an increased production of vitamin D, the same one that directly regulates the human cathelicidin expression in keratinocytes and induces LL-37 production in the skin in AD patients through oral supplementation [49] .
Scratching as a result of itching, one of the main symptoms in AD, inevitably causes wounding of atopic skin. Injury in the case of patients with AD downregulates the expression of LL-37 [47] . On the other hand, a disrupted skin barrier cause enhanced immunoreactivity of hBD-2 and hBD-3 and strong secretion of RNase 7. Thus, Harder et al. has come to a conclusion that the disturbed skin barrier may trigger AMP induction in AD [8] . It is worth mentioning in regard to the disrupted skin barrier that extensive skin washing and the use of detergents may lead to a marked loss of AMPs, especially from lipid-rich regions or sebaceous glands [43] .
Furthermore, even in severe AD no superinfection of the skin with E. coli was observed. It was revealed that the expression of psoriasin, a strong E. coli killing AMP, in non-lesional and lesional skin of untreated patients with AD is increased in comparison to healthy controls [46] . Nevertheless, the role of AMPs in the pathogenesis of AD is still unclear.
Some AMPs like hBD-2 and hBD-3 were primarily discovered in psoriasis. This chronic, inflammatory and hyperproliferative skin disease is associated with fewer superinfections of the skin than expected. Thus, this observation has led to a speculation that lesional psoriatic skin might produce antimicrobial peptides. Several studies acknowledged the theory [13, 16] . Psoriasin, hBD-2 and hBD-3, LL-37, RNase 7 and calprotectin are induced in the psoriatic skin [50, 51] . The up-regulation of AMPs expression in the skin of psoriasis patients is considered to contribute to a low rate of infections in psoriatic lesions. However, beside the antimicrobial function, AMPs play also immune modulatory functions in psoriasis. Especially the role of LL-37 as a modulator of psoriasis development has been highlighted in recent years. Interestingly, LL-37 presents a contrasting role in self-DNA mediated inflammation in the lesional psoriatic skin. Dermal cathelicidin LL-37 binds self-DNA and triggers cutaneous inflammation by activation of dermal plasmacytoid dendritic cells, whereas epidermal LL-37 joins with cytosolic DNA in keratinocytes and blocks its pro-inflammatory activity [52, 53] . This might explain why vitamin D 3 , a strong inducer of cathelicidin expression in keratinocytes and monocytes, is effective for psoriasis and reduces inflammation in psoriatic lesions [54] .
Skin derived AMPs may play a role in the pathogenesis of other inflammatory diseases. Human β-defensins have been found in human pilosebaceous units, which are involved in the pathogenesis of acne vulgaris. Additionally, a marked increase in hBD-2 in lesional and perilesional epithelium of patients with acne vulgaris is observed, possibly as a consequence of inflammation [55] . Inflammation in acne is associated, in part, with abnormal ductal colonization of P. acnes. The bacterium induces the expression of AMPs which may contribute to the inflammation [56, 57] . Nagy et al. demonstrated the upregulation of hBD-2 and IL-8 by genotypically P. acnes via TLR-2 and TLR-4 [57] . While hBD-2 serves as a chemoattractant, higher levels of the peptide may induce neutrophils and T cells migration to the site of infection and lead to inflammatory responses. According to Nagy et al., hBD-2 has no direct antimicrobial effects on P. acnes [57] . Thus, a higher expression of hBD-2 might not restrict the growth of the bacterium, unless it acts synergistically with human cathelicidin hCAP18/LL-37 [58] . On the contrary, LL-37 exhibits growth limiting ability against P. acnes. Like hBD-2, LL-37 is found in sebaceous glands. LL-37 presents both pro-and antiinflammatory properties and influences the function of TLR. This AMP is able to neutralize LPS. As a response to P. acnes there is an increased gene expression of LL-37 [59] . However, it has been suggested that killing potential of human cathelicidin might be significant in synergy with other AMPs like psoriasin [58] . Moreover, psoriasin is present in acne-involved sebaceous glands as well and upregulated in acne vulgaris lesions [60, 61] . Also RNase 7 shows in vitro the activity against P. acnes and is present in hair follicle epithelium [38] . Data on the significance of many AMPs in acne vulgaris are limited. Nevertheless, a synergistic effect of antimicrobial peptides against P. acnes and their potency in acne vulgaris pathogenesis have been suggested.
Rosacea is another chronic, inflammatory skin condition characterized by facial erythema, pustules and papules, and telangiectasia [62] . A specific cause for rosacea has not been identified, although symptoms are exacerbated by different factors and complex pathways are involved leading to inflammation and vascular response. Moreover, recent studies suggest a role of the skin innate immunity in the pathophysiology of rosacea. Triggering the innate immune system leads to changes in the expression of cytokines and AMPs like cathelicidin. Patients with rosacea express higher levels of cathelicidin in epidermis. Apart from the antimicrobial function, cathelicidin presents pro-inflammatory "alarmin" properties and affects angiogenesis. Furthermore, an increase in serine protease kallikrein 5 activity has been identified [63] . KLK5, also known as stratum corneum tryptic enzyme SCTE, is a processing enzyme of cathelicidin [64, 65] . One of the forms of cathelicidin is LL-37, which appears to be generated in the epidermis of rosacea patients [66] . In addition, keratinocytes in the rosacea skin show a significantly higher TLR2 mRNA expression than in the normal skin [67] . Thus, the upregulated TLR2 level results in an abnormal expression and subsequent higher activity of KLK5, which in turn leads to altered levels of cathelicidin and possible induction of rosacea symptoms.
An altered expression of antimicrobial peptides is noticed also in other inflammatory skin diseases like acne inversa (hidradenitis suppurativa) and lichen sclerosus. Various studies have reported a significant increase in psoriasin, hBD-2 and LL-37 in both diseases [51, [68] [69] [70] .
Summary
There is a growing number of studies suggesting a role of the skin innate immune system in the pathophysiology of inflammatory skin diseases. The inherent association of AMPs with inflammation has led to an assumption that dysregulated production of AMPs affects the development of chronic inflammatory diseases such as psoriasis, rosacea, acne vulgaris, or atopic dermatitis. AMPs actively contribute to host defense by mounting an innate immune response. They can exert a chemotactic influence on inflammatory cells. LL-37 acts as a chemoattractant for neutrophils, monocytes and T-cells. β-Defensins are chemotactic for immature dendritic cells and memory T-cells. Moreover, AMPs present ability to induce production of pro-inflammatory cytokines and chemokines. However, the primal role of antimicrobial peptides is to provide rapid, broad-spectrum defense against infection by acting as natural antibiotics. Alterations in the expression of AMPs are associated with increased susceptibility for skin colonization and/or infection by microbes. A lower effective concentration of AMPs allows for survival or proliferation of bacteria that would normally be eradicated. On the other hand, overexpression of AMPs in the skin may result in enhanced protection against skin infections as seen in patients with psoriasis and rosacea. In individuals with acne vulgaris, increased levels of AMPs are often found in the inflamed or infected skin areas indicating a role of these peptides in the protection from infection.
